We evaluated the effects of soluble fibers oncarotene and lutein micellization during simulated digestion in vitro, and on carotenoid uptake from mixed micelles by Caco-2 cells. Medium-and high-viscosity alginates and pectins inhibited carotenoid micellization and cellular uptake relative to the fiber-free control. Alginates, carboxy-methylcelluloses, and methylcelluloses inhibited -carotene uptake mainly by increasing medium viscosity, but pectins might inhibit carotenoid uptake by additional mechanisms.
400 and MC 1500, respectively. Carboxy-methylcelluloses, from Sigma-Aldrich, were named CMC 50 (50-200 mPaÁs, 40 g/l in water at 25 C) and CMC 400 (400-800 mPaÁs, 20 g/l in water at 25 C). -Carotene (type II, Sigma-Aldrich) and lutein (a gift from Kyowa Hakko Kogyo, Tokyo) were purified before use by elution through a column packed with neutral alumina (grade III, ICN Biomedicals, Eschwege, Germany).
To determine the effects of soluble fibers on carotenoid micellization during in vitro digestion, purified carotenoids were solubilized in a small amount of solvent and added to soybean oil, which was stirred under vacuum at room temperature to eliminate any residual solvent. In a 10 ml test tube, 15 mg of soybean oil containing 200 nmol/l -carotene or lutein was added to 1.5 ml of saline containing 12.5 g/l fiber and thoroughly mixed. The samples were subjected to in vitro digestion simulating the human gastric and intestinal digestion phases following a previously reported procedure 2) based on the method proposed by Garret et al.
3) Three milliliters of 5 g/l pepsin (from porcine gastric mucosa, 3,200-4,500 units/mg protein, Sigma-Aldrich) solution (pH 2.0; containing 3.6 mmol/l CaCl 2 , 1.5 mmol/l MgCl 2 , 49 mmol/l NaCl, 12 mmol/l KCl, and 6.4 mmol/l KH 2 PO 4 ) was added to the carotenoid-fiber mixture, and the pH was adjusted to 2.0 with 1 mol/l HCl. The tubes were screw-capped under a stream of N 2 and incubated for 1 h at 37 C in a shaking incubator (Model YSF; Yayoi, Tokyo) at 120 strokes/min (gastric digestion). The pH was raised to 5.0 with 1 mol/l NaHCO 3 followed by the addition of 3 ml 0.1 mol/l NaHCO 3 containing 8 g/l pancreatin (from porcine pancreas, 4 Â USP specifications, SigmaAldrich) and 20 g/l porcine bile extract (SigmaAldrich), and a further adjustment to pH 7.5 was made with 1 mol/l NaOH. The test tubes were capped under a stream of N 2 and subjected to a second incubation (intestinal digestion) at 37 C at 120 strokes/min for 2 h. Aliquots of the digesta were centrifuged (4;200 Â g, 4 C, 20 min) and filtered through a 0.2-mm membrane filter. The filtrates contained the micellized carotenoids, which were quantified by HPLC after adequate dilutions with dichloromethane/methanol (1:4, v/v) for -carotene analysis and with methanol for lutein analysis. Lipids were extracted from the unfiltered digesta by the Bligh-Dyer method 4) and developed on silica thin-layer chromatography plates to check the degree of triacylglycerol hydrolysis at the end of the in vitro digestion procedure.
The effects of soluble fibers on carotenoid uptake by enterocytes were assessed by measuring the -carotene and lutein accumulation by Caco-2 cells from mixed micelles in media containing one of the soluble fibers, and compared to that of fiber-free control media. Caco-2 cells (American Type Culture Collection, Rockville, MD, USA) from passages 28-50 were seeded into 24-well plates at 10 5 cells/well, and cultured for 20-22 d.
5)
The carotenoids were solubilized as mixed micelles in serum-free Dulbecco's modified Eagle's medium (DMEM), as previously reported. 6) Dietary fibers were dissolved at room temperature in saline and combined at a proportion of 1:3 (v/v) with serum-free DMEM containing the carotenoid mixed micelles. The final medium contained 2.5 g/l fiber, 1.0 mmol/l carotenoid, 2.0 mmol/l sodium taurocholate, 33.3 mmol/l oleic acid, 100 mmol/l monoolein (1-oleoyl-rac-glycerol, SigmaAldrich), and 50 mmol/l lysophosphatidylcholine (1-palmitoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, Alabaster, AL). The serum-free DMEM containing carotenoid micelles and the test fiber (hereafter referred to as test medium) were filtered through a 0.2-mm membrane. The filtrates were assumed to contain only micellar carotenoids, whose concentrations were determined by HPLC after dilution with dichloromethane/methanol (1:4, v/v) or methanol. The test media viscosity was measured with Cannon-Fenske capillary viscosimeters (SO #25, 50, 100, and 200, Shibata Scientific Technology, Tokyo) immersed in a water bath at 37 C. All measurements were done 20 min after sample load, in triplicate, using fresh samples at each run.
Test media (0.5 ml) were carefully laid on Caco-2 monolayers in conventional 24-well plates and incubated for 2 h at 37 C, as described in our previous publication. 6) At the end of incubation, an aliquot of the test media was filtered through a 0.2-mm membrane. Carotenoids in both unfiltered and filtered media were quantified by HPLC in order to assess carotenoid solubility during the incubation period. Cell homogenates were spiked with ethyl--apo-8 0 -carotenoate as internal standard and were mixed vigorously with two volumes of ethanol/ethyl acetate (1:1, v/v) and then with one volume of hexane. The upper layer was dried up, dissolved in dichloromethane/methanol (1:4, v/v) or methanol, and analyzed for carotenoids. Carotenoid quantification was performed with a Shimadzu HPLC system equipped with an ODS column (Inertsil ODS-3, 2.1 mm Â 100 mm, GL Science, Tokyo), a column oven (CTO-10AS) at 25 C, and a photo diode array detector (SPD-M10A). -Carotene was eluted with a mobile phase consisting of methanol/ethyl acetate (60:40, v/v) and 0.1% ammonium acetate, and lutein was eluted with acetonitrile/methanol/ water (75:15:10, v/v/v) containing 0.1% ammonium acetate, at 0.2 ml/min. Thecarotene and lutein concentrations were calculated from the peak areas at maximal absorbance and fitted to the calibration curves obtained from authentic standards.
Data were treated by one-way ANOVA followed by the Tukey-Kramer test using StatView for Windows (version 5.0, SAS Institute, Cary, NC). Differences were considered significant at P < 0:05. The relationship between viscosity and carotenoid uptake was analyzed by linear regression.
Solubilization of carotenoids into mixed micelles (micellization) in the gastrointestinal tract is essential to carotenoid uptake and absorption. We examined the effects of purified soluble fibers on -carotene and lutein micellization by an in vitro digestion assay simulating the human digestive process. Alginate 300 and alginate 500 inhibited the micellization of both -carotene and lutein relative to the micellization efficiency in the corresponding fiber-free controls (Table 1) . Alginate 80 reduced lutein micellization relative to the fiber-free control, but it did not influence -carotene micellization. Citrus pectin 1 reduced the -carotene and lutein micellization ratios, whereas apple pectin 1 reduced only -carotene micellization. By simulating digestion with carotenoids completely solubilized in soybean oil and combined with purified fiber solutions, we were able to assess the effects of the fibers on carotenoid micellization while avoiding the variable of carotenoid release from food matrices. -Carotene and lutein micellization were clearly inhibited by medium-and high-viscosity alginates (alginate 300 and alginate 500). Although the detailed mechanism underlying those effects cannot be elucidated from the present results, the formation of gel aggregates 7) or high viscosity acid gels 8) by alginates at acidic pH may have affected carotenoid micellization during the gastric phase of our in vitro digestion procedure. Entrapment of lipophilic substances in alginate gel structures at acidic pH has been shown by a limited release of drugs from alginate hydrogels at pH 1.2.
9)
While carotenoid micellization was clearly inhibited by the highly viscous alginate 300 and alginate 500, the effects of alginate 80 and pectins on carotenoid absorption were not conclusive, perhaps due to their relatively lower viscosities. Some fibers could lower the efficiency of triacylglycerol hydrolysis by pancreatic enzymes, 10) but in the present study, complete hydrolysis of triacylglycerols at the end of digestion was confirmed in all samples (data not shown), and the lower micellization of -carotene and lutein in samples containing alginates or pectins cannot be explained by incomplete hydrolysis of triacylglycerols.
Carotenoids are taken up by intestinal cells from mixed micelles formed during the digestive process. We assessed the effects of soluble fibers on carotenoid uptake by Caco-2 cells, as described above. Bothcarotene and lutein accumulation in Caco-2 cells were lowered by the test media containing alginates and pectins, as compared to the fiber-free control (Fig. 1) . Alginate 80 inhibited -carotene and lutein uptake to 87:2 AE 4:7 and 74:2 AE 5:8% relative to the fiber-free control. The more viscous alginate 300 and alginate 500 further lowered the relative cellular uptake of -carotene to 61:0 AE 3:2 and 58:6 AE 4:2%, and those of lutein to 52:0 AE 1:1 and 49:9 AE 3:0%, respectively. To determine the relationship between fiber viscosity and carotenoid uptake, -carotene uptake by Caco-2 cells was measured in the presence of carboxy-methylcelluloses and methylcelluloses of a wide viscosity range, as well as apple and citrus pectins with various degrees of esterification (34.9-72.5%). The relative -carotene uptake (percentage of -carotene accumulation in cells treated with fiber-containing test media relative to that of fiber-free control medium) was plotted against the viscosity values of the corresponding test media, as shown in Fig. 2 .
-Carotene uptake was strongly and inversely related to the viscosity of the test media containing alginates, methylcelluloses, or carboxy-methylcelluloses (R ¼ À0:984; P < 0:0001). On the other hand, the test media containing pectins yielded noticeably lower uptake values not related to their viscosity (R ¼ À0:385; P ¼ 0:0853).
In line with our results, effects of medium viscosity have also been observed in isolated rat hepatocytes, in which the re-uptake of nascent LDL particles was significantly inhibited by the addition of 3% gelatin to the culture medium. 11) Similarly, secretion of VLDL particles by HepG2 cells was found to be inhibited by the addition of dextran, methylcellulose, or gelatin 12) as a function of medium viscosity, regardless of the type of macromolecule used. The diffusion coefficient of a given particle is inversely related to the medium viscosity, according to the Stokes-Einstein equation for the diffusion of spherical particles (D = kT/6r, where k = Boltzmann's constant, T = absolute temperature (K), r = particle radius, and = viscosity of medium).
13) Therefore, in viscous incubation media, carotenoid micelles located in the vicinity of the microvilli are promptly absorbed, but the re-establishment of the concentration gradient at the mediummembrane interface is hampered due to slow diffusion rates, thus inhibiting carotenoid uptake.
High intestinal content viscosity increases the functional thickness of the unstirred layer, resulting in the delayed absorption of a wide variety of nutrients and xenobiotics in vivo.
14) For instance, dietary cholesterol absorption 15) and plasma cholesterol levels 16) have been reported to be inversely related to intestinal content viscosity in hamsters fed hydroxypropyl-methylcellulose. Our in vitro uptake assay did not reproduce the formation of an unstirred layer such as in the intestinal lumen in vivo. However, the unstirred water layer is not sharply divided from the bulk luminal phase, and the term ''unstirred water layer'' may be better understood as the total diffusive resistance applied to a particle in the lumen before it reaches the absorptive sites in the intestinal epithelium. 17) Thus, such diffusive resistance is increased by higher viscosities of the intestinal content in vivo and of test media in vitro.
For pectins, increased viscosity does not appear to be the only factor modulating carotenoid bioavailability. Indeed, some reports have indicated that pectin exerts its cholesterol-lowering effects by binding cholesterol and bile salts in the lumen and increasing their excretion. Erdman et al. 18) reported an inverse relationship between pectins' degree of esterification and -carotene utilization in chicks, but a subsequent study in humans showed that high-and low-methoxyl pectins were not different in their cholesterol-lowering effects. 19) We also did not find any relationship between -carotene uptake and the pectins' degree of esterification (R = 0.4322; P = 0.392). Strong binding of fibers to bile salts can destroy the micelle structure and induce carotenoid Caco-2 cells were incubated with media that were either fiber-free ( ) or contained one of the following test fibers: alginate 80, 300 and 500 ( ); CMC 50 and 400 ( ); MC 15, 400, 1500, and 4000 ( ); apple pectin 1, 2 and 3 ( ), citrus pectin 1, 2 and 3 (Â).
-Carotene uptake values are expressed as percentage of the uptake from the fiber-free control medium. Data points represent means pooled from three independent experiments with similar results. aggregation and precipitation. To check for any effect of fibers on micellar carotenoid stability (solubility) during incubation with Caco-2 cells, we determined the residual micellar carotenoid in test media at the end of the incubation period. Micellar plus cellular carotenoid in the fiber-free controls were 71:6 AE 2:9% and 73:6 AE 0:8% of the original -carotene and lutein per well, respectively. In wells treated with pectins or alginates, those values ranged from 76.5 to 81.0% for -carotene, and 73.6 to 78.3% for lutein, either comparable or higher (P < 0:05) than those in the fiber-free controls. Therefore, under our experimental conditions, the fibers did not induce carotenoid aggregation.
In conclusion, our data indicate that soluble fibers inhibit carotenoid uptake mainly by increasing viscosity, and consequently reducing the micelles' diffusion rate in the medium. Pectins, however, might inhibit carotenoid uptake by additional mechanisms that are not fully elucidated.
